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HIGH-RESOLUTION METHOD FOR PATTERNING A SUBSTRATE WITH MICRO- 
PRINTING 

Inventors: John A. Rogers, Zhenan Bao and Anita Makhjita 
FIELD OF THE INVENTION 

This invention relates to a method of patterning a substrate with a micro-printing 
providing high resolution and to electronic devices, particularly transistors, made with the 
inventive method. 

BACKGROUND OF THE INVENTION 

Demands for low-cost consumer electronics (e.g. large emissive displays, electronic 
paper, smart cards, and so forth) have precipitated the development of organic materials suitable 
for use as conducting, semiconducting, and light-emitting materials. Organic materials are 
attractive for use in electronic devices as they are compatible with plastics and can be easily 
fabricated to provide low-cost, lightweight, and flexible devices with plastic substrates. Organic 
materials having a conductivity and carrier mobility permitting their use as the active layer in 
thin-film semiconductor devices are described in U.S. Pat. application Serial No. 08/770,535, 
filed December 20, 1996, "Method oj 'Making An Organic Thin Film Transistor" by Zhenan 
Bao et al (an inventor herein), also assigned to the present assignee and incorporated herein by 
reference. An organic device is described in U.S. Pat. application Serial No. 09/087,201, filed 
May 29, 1998, "Thin-Film Transistor Monolithocally Integrated With an Organic Light- 
Emitting Diode" by Zhenan Bao et al (an inventor herein), which is assigned to the present 
assignee and incorporated herein by reference. The '201 application discloses a light emitting 



diode (LED) having an organic layer as the active layer and a transistor having an organic layer 
as the semiconductor layer, where the LED and transistor are monolithocally integrated. 

Recently, research related to organic materials in electronic devices has expanded to 
encompass patterning methods that take advantage of the ease with which these materials may 
be processed. For example, photolithography may be used to pattern organic materials, as 
described in C.J. Drury etal, Appl. PHYS. LETT. Vol. 73 (1998), at p. 108. 

Unconventional, non-photolithographic methods are being explored which provide 
advantages in terms of cost and flexibility in fabricating semiconductor devices generally. Such 
techniques include ink jet printing and screen printing which are described in Z. Bao (an inventor 
herein) et al, "High Performance Plastic Transistors Fabricated by Printing Techniques" 
CHEM. MATER., Vol. 9 (1997), at p. 1299. These non-conventional techniques are suitable for 
use in a range of fabrication tasks that provide resolution at ~35-10O urn and larger. However, 
these methods may not be useful for making organic semiconductor devices. For instance, a 
technique for imprinting patterns on silicon substrates with features having dimensions of 10 to 
80 um using a planar elastomeric stamp has been disclosed, but this technique is not applicable 
to organic devices. See Kumar and Whitesides, "Features of Gold Having Micrometer to 
Centimeter Dimensions Can Be Formed Through a Combination of Stamping with an 
Elastomeric Stamp and an Alkanethiol 'Ink ' Followed by Chemical Etching" Appl. Phys. 
Lett. Vol. 63 (1993), at p. 2002, incorporated herein by reference. 

Additionally, the critical dimensions (typically transistor channel lengths) desired for 
many applications is as low as about 10 um. Planar stamps are of limited use due to air bubbles 
that become trapped between the stamp and the substrate. Use of a cylindrical rolling 



elastomeric stamp is disclosed in Xia, Qin, and Whitesides, "Microcontact Printing With a 
Cylindrical Rolling Stamp: A Practical Step Toward Automatic Manufacturing of Patterns with 
Submicrometer-Sized Features" Adv. MATER. Vol. No. 12 (1996), at p. 1015, incorporated 
herein by reference. Microcontact printing to print SAMS patterns is further described in D. 
5 Qin, Y. Xia, J. A. Rogers (an inventor herein), et al. 9 "Microfabrication, Microstructures and 
Microsystems" Topics in Current Chemistry (1998), at pp. 1-20, which is incorporated 
herein by reference. These methods do not provide structures that are immediately useful in 
making organic semiconductor devices. The method described in the Advanced Materials 
publication does not allow for continuous printing and provides only a single impression from 
ll&j: the patterned stamp. 

y f A fabrication strategy has been recently developed to obtain high resolution devices. 

H | This strategy involves a combined micromolding/screen-printing strategy, i.e., this strategy 
j= combines an emerging high-resolution technique (micromolding in capillaries^) for defining 
1 1 critical features and an established low-resolution method (screen printing) for patterning other 
l|j elements of the devices. See, e.g., J. A. Rogers, Z. Bao (inventors herein) and V.R. Raju, Appl. 
Phys. Lett. Vol. 71 (1998), at p. 2716. With this strategy, organic transistors are produced 
with channel lengths approximately fifty times smaller (~2 microns) than those previously 
achieved with other non-photolithographic schemes, providing a resolution exceeding the 
requirements for most applications. However, the micromolding can be relatively slow (-30 
2 0 minutes may be needed to pattern a substrate). Also, it is not compatible with reel-to-reel 
processing or readily applied to construct dense, non-interconnected circuitry. 
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As may be appreciated, those concerned with technologies involving electronics devices 
or systems continue to search for new methods of patterning substrates to enable faster and 
more flexible processing of the materials to provide less-expensive and improved devices. In 
particular, it would be advantageous to provide improved high-resolution patterning techniques 
that are useful in making organic devices that are low in cost and applicable to fabricate dense, 
non-interconnected circuitry. This invention provides these advantages. 
SUMMARY OF THE INVENTION 

Summarily described, the invention embraces a method for patterning a layer of material 
on a substrate at high resolution that is useful in making electronic devices, including organic 
electronic devices. The method comprises a step of providing a rotatable stamp having relief 
geometries on its surface that advantageously may comprise a cylindrical stamp mounted on an 
axle. Ink is applied to the surface of the stamp, preferably with a cylindrical inking pad to 
provide substantially continuous inking of the stamp. The cylindrical stamp is rolled against a 
substrate, which preferably is provided in the form of a sheet of material, so that an inked 
pattern is impressed on the substrate. The substrate is then passed to an apparatus for etching 
material from or depositing material on the substrate. The inked pattern on the substrate guides 
the etching or deposition of material to form a patterned layer. The substrate optionally may be 
sent to a mechanism for removing the inked pattern from the substrate, which may comprise 
exposing the substrate to UV light, heat, or a wet chemical means. 
BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the invention, an exemplary embodiment is described 
below, considered together with the accompanying drawings, in which: 



FIG. 1 is a block diagram of steps of the inventive method; 

FIG. 1 A is a block diagram of steps that may be applied to provide a cylindrical stamp used in 
performing the inventive method; 

FIGS. 2A-2D schematically illustrate a substrate being patterned applying steps of the inventive 
method; 

FIGS. 3A-3C are schematic illustrations of steps that may be applied in producing a cylindrical 
stamp; 

FIGS. 4A and 4B schematically illustrate alternative geometries of organic transistors fabricated 
with the inventive method; 

FIGS. 5 A and 5B reflect optical micrographs of source and drain electrodes formed by printing 
(FIG. 5 A) and photolithography (FIG. 5B); 

FIGS. 6 A and 6B show current-voltage characteristics of printed transistors made with the 
inventive method having two channel length-to-width ratios that differ by a factor of two; and 
FIG. 7 schematically illustrates the inventive method in operation. 

It is to be understood that these drawings are for the purposes of illustrating the 
concepts of the invention and except for the graphs are not to scale. 
DETAILED DESCRIPTION OF THE INVENTION 

With this invention, a method is described for patterning a layer of material on a 
substrate at high resolution that is useful in making electronic devices, including organic 
electronic devices. The method may be used to fabricate many electronic devices, such as 
LEDs, diodes, capacitors, inductors and so forth. Although it is described below with reference 
to the fabrication of transistors, and particularly organic transistors, it should be understood that 



the discussion of organic transistors is exemplary only and that the invention may be applied in 
the fabrication of any electronic device where a layer of material is to be patterned. 

The inventive method uses microcontact printing and an "upside-down" fabrication 
sequence to produce electronic devices. Elastomeric stamps and inks may be used to print 
5 patterns of self assembled monolayers (SAMS) onto a substrate, and the SAMS are then used to 
guide the deposition of material onto the substrate or prevent etching of material from the 
substrate to define a pattern. An advantage of this invention is that the inked pattern may be 
removed and in any case, it need not be incorporated as a functional material in the device being 
fabricated. Thus, the properties of the ink with regard to its function within the device are not 
lj6; critical, and the ink properties can be optimized for printing. - 

y | With this method, microcontact printing first patterns a layer on a substrate, with which a 

H | resolution can be achieved of -1 micron. In the case of fabricating a transistor, the patterned 
layer may form source and drain electrodes and appropriate interconnections. The remaining 
I* 1 components of the device (e.g., semiconductor layer, interlayer dielectric and gate electrodes) 
l|| may be patterned on top of the high-resolution patterned layer (e.g., source and drain 

electrodes) using low resolution techniques. To form an organic device, one or more layers of 
the device (e.g., the semiconductor layer or active layer), may be comprised of an organic 
material. This is an "upside down" fabrication sequence. For example, typically in fabricating a 
transistor, a "rightside-up" sequence is used where formation of source and drain electrodes 
2 0 occurs on top of dielectric and gate layers. The inventive method may be applied for rapid, large 
volume reel-to-reel processing providing a cost-effective process for making microelectronics. 
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With reference to the figures, FIG. 1 reflects a block diagram listing steps of one 
embodiment of the inventive method, and FIGS. 2A-2D reflect an illustration of a substrate as it 
is being patterned. As can be seen, an initial step includes providing a stamp 10 for making a 
pattern (FIG. 1, block 1). The stamp is configured so that its outer surface may be rolled against 
5 the substrate in a substantially continuous (e.g., uninterrupted) fashion, and for ease of 
reference, the term "rotatable" shall be used herein to refer to the stamp having this outer 
geometry. The rotatable stamp may take many shapes and sizes, although preferably, it 
comprises a cylindrical stamp mounted on an axle 38, preferably a fixed axle. The outer surface 
of the stamp also has relief geometries (protrusions or recesses) to define a stamping surface 8. 
lj&j Next, the surface of the stamp (FIG. 2A) is inked, e.g., an alkanethiol or alkylsiloxane ink or 
jj J other suitable inking material is applied to the outer surface, particularly the relief geometries, 
n | For example, an elastomeric stamp fabricated with polydimethylsiloxane may be contacted with 
« -1 mM hexadecanethiol in ethanol to "ink" the stamp. This step preferably is accomplished by 
I rotating a cylindrical inking pad against a cylindrical stamp (FIG 1, block 2, and FIG. 7), to 
1J>* allow for substantially continuous rotary printing. 

As shown in FIG 2 A, a substrate 14 to be patterned is provided, which may, for 
example, comprise a silicon, plastic, or glass substrate. The active side of the substrate (the 
surface at which components will be disposed) may be coated with a thin layer of conductive 
material 16, for example, for providing source and drain electrodes. Preferably with this 
20 method, the conductive layer 16 comprises a thin layer of gold or silver (e.g., <~300A, and more 

preferably -200 A). A thin layer of an adhesive-promoting material, such as a -10-20 A layer of 
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Ti or Cr, also may be applied to promote adhesion. Advantageously the substrate is provided in 
the form of a flexible sheet of material, i.e., having sufficient flexibility so that it can be wound 
on a reel and passed through the steps of the method as the sheet is unwound from the reel. 
More preferably the sheet is suspended on two reels and is unwound from one reel as it is 
wound onto the other to provide a reel-to-reel printing technique. In this embodiment, the 
stamp is disposed between the two reels, and the sheet may be placed in contact with the inked 
stamp substantially continuously applying the reel-to-reel technique. When the substrate is 
placed in contact with the inked stamp (FIG. 1, block 3), an inked pattern, e.g., a patterned self- 
assembled monolayer (SAM) 20 is imprinted on the surface of the substrate 14 (FIG. 2B). The 
SAM defines a protected region 20 of the substrate, i.e., where ink is substantially disposed on 
the substrate. The remaining portions of the substrate surface define an exposed region 18 (FIG. 
2B), i.e., where substantially no ink is present. 

Next, the substrate (or sheet of substrate material) is passed to a processing apparatus 
(FIG. 1, block 4), and the inked pattern guides the etching or depositing of materials on the 
substrate. The SAM may serve as a guide for the deposition of further materials, such as 
insulating or conductive layers, in which case the sheet is passed to a materials deposition 
apparatus, such as a chamber for chemical vapor deposition. The processing apparatus may 
comprise an apparatus for performing crystal growth and epitaxy, film deposition (e.g., by 
chemical vapor deposition or sputtering), thermal evaporation, diffusion and ion implantation, 
wet chemical and dry etching, annealing, solution deposition, and so forth. 

In the case of etching, the substrate may be sent to an etching bath or chamber for 
removal of the conductive layer 16 at the exposed region. An aqueous ferri/ferrocyanide etchant 
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may be used for approximately three minutes to remove the metal layer 16 where it is not 
protected by the SAM, that is, the exposed region of the metal layer is etched away (FIG. 2C). 
Where an adhesive-promoting layer is used, more than one etchant may be needed. For 
example, while an adhesive-promoting layer of Cr may be removed with the ferri/ferrocyanide 
5 etchant, a layer of Ti may require application of another etchant, e.g., HF etchant (~1% HF) 
applied for about 10 seconds. The sheet then may be exposed to heat or ultraviolet light to 
remove the SAM layer (FIG. 1, block 5), so that the underlying patterned conductive layer 
remains in a pattern on the substrate, e.g., to serve as drain or source electrodes (FIG. 2D). A 
wet chemical means alternatively may be applied to remove the SAM. This step enables good 
lj6j connections between the patterned layer and other components, e.g., with gold electrodes, 
y | Advantageously one or more active layers, semiconductor layers, dielectric layers or gate 

jl I electrodes are fabricated downstream of this process, which may aid in removing distortions 
I introduced by reel-to-reel printing. Such layers may comprise organic materials for forming an 
; organic electronic device. This "upside-down" procedure is advantageous because (i) it 
l|j separates the metallization step from the rest of the process (e.g. metallized substrates may be 
obtained from an outside vendor), (ii) it avoids processing that requires high temperatures (> 
about 40 °C) or low pressures (< about 10 milliTorr), (iii) it allows registration of low resolution 
patterning steps to printed fiducials, thereby reducing the demands on distortions and 
registration of printed patterns, and (iv) it involves etching of the conductive layer (e.g., gold) 
2 0 before the remaining components (e.g., any organic components) of the final circuits are present. 
FIGS. 1 A and 3A-3C show exemplary steps that may be applied to fabricate a 
cylindrical stamp. A liquid material 34 is cast onto a flat surface 35 having relief geometries 36 



thereon. The liquid material may comprise a thin layer of elastomeric prepolymer 34, such as 
polydimethylsiloxane, which may be spin cast onto the flat surface (FIG. 1 A, block 1 A). A 
layer of photoresist 32 may be placed on the surface with the-relief geometries being defined in 
the photoresist layer, such as by photolithography. The liquid is solidified to define a solid film 
5 following the relief geometries 36 on the surface. When an elastomeric material is used, the 
elastomer may be cured against the photolithographically-patterned photoresist 32 to produce a 
thin elastomeric film following the relief in the geometry 36 of the resist (FIG. 1 A, block 2A, 
FIG. 3A). Preferably, the cured film is exposed to an oxygen plasma (FIG. 1 A, block 3A). 
Lastly, a cylinder 30, e.g., a glass cylinder, is rolled across the surface of the solid film so that 
t the film is removed from the surface and bonds to the cylinder (FIG. 3B). Use of the oxygen 
i plasma step is advantageous, as rolling the glass cylinder across the surface of the cured film 
after exposing it to an oxygen plasma produces a chemical bond between the surface of the glass 
and the elastomer and causes the elastomeric film to peel from the patterned resist (to which it 
I has no adhesion). The condensation reaction bonds the elastomer to the glass cylinder. 

The cylinder may be mounted on an axle 38 and the substrate 14 (FIG. 2A) passed over 
or placed in contact with the cylinder for printing (FIG. 3C). When the method is performed 
using stamps fabricated in this manner, there are less distortions arising from deformations of the 
elastomeric stamps than with previous microprinting techniques. Distortions may be reduced to 
about <0.6 urn over areas ~1 cm 2 with stamps that consist of ~ 100 urn thick films of elastomer 
bound to rigid, flat glass substrates. This level of distortion substantially exceeds requirements 
(~10 jim) for most applications of organic electronics. 
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Preferably, in applying this technique inks of alkanethiols are used to define monolayer 
etch resists on surfaces of thin films of gold or silver. Under these conditions, features can be 
etched into the underlying thin films having high resolution, e.g., at -30 nm or below. The 
patterning may be performed rapidly over relatively large areas, e.g., the stamp may come in 
5 contact with the surface being printed for less than about 0.5 seconds, areas of many square 
centimeters may be stamped simultaneously, and etching maybe completed within about 0.5 to 
5 minutes, depending on the thickness of the metal. In the past, microcontact printing on gold 
or silver has not been used to produce low-cost electronic circuits because (i) gold and silver are 
incompatible with most materials and processing used in conventional microelectronics, (ii) only 
1$ relatively thin layers (e.g. -400 A for Au, and -1500 A for Ag) may be patterned with these 
l] \ metals as the SAMS resists fail during prolonged etching, and (iii) printed surfaces of patterned 
H I metal layers are isolated from other layers or components of the device by the presence of the 

P I However, with this invention the ink is not functional within the device and may be 

l|i removed. Also, applicants have discovered that, while the first two of these characteristics 
present serious disadvantages for conventional microelectronics, they provide significant 
advantages in making organic devices with the inventive method described herein. Gold, for 
example, is preferred for source and drain electrodes because it is chemically inert and allows 
excellent ohmic contacts with many organic materials useful for semiconductor layers. In 
2 0 addition, for geometries where the semiconductor layer is deposited on top of the source and 
drain electrodes, thin (<-300A) conductors are useful because they enable solution cast 

semiconductors (thickness -50-200 nm) to uniformly wet the edges of these electrodes. Use of 



thin metal conductors provide mechanical flexibility which is advantageous in applications using 
compliant plastic substrates. Such thin electrodes are also attractive from a cost standpoint. The 
sheet resistance of a thin (-200A) film of gold, ~3 Q, is comparable to that of a 1000 A layer of 

indium tin oxide, and it is much less than that of photoprocessable conducting polymers recently 

5 used in plastic integrated circuits. 

For most applications, the semiconductors, dielectrics, and gate electrodes need to be 
patterned only on scales of about 30-100 microns. With the inventive method, these 
components may be deposited on the high-resolution components applying low resolution 

£ j techniques. Removing the SAM as much as possible is advantageous in this fabrication 

l|0j sequence to provide devices exhibiting good performance, as the presence of the SAM may 

jj ! frustrate good ohmic contact of the semiconductor with the electrodes. 

j= \ FIGS. 4A and 4B schematically show geometries of two types of organic transistors that 

j= | were fabricated with the microcontact printing of this invention. FIG. 4A shows a geometry 
p 1 used to compare the performance of printed and photolithographically defined transistors, and 
l#j FIG. 4B shows a geometry that incorporates materials and substrates compatible with low cost 
processing methods using a cylindrical stamp. Simple devices with geometries illustrated in 
Figure 4A may be constructed by casting polythiophene from solution to form the active 
semiconductor layer. See Z. Bao, A. Dodabalapur and AJ. Lovinger, Appl. Phys. Lett., Vol. 
69 (1996), at p. 4108, incorporated herein. 
2 0 In FIG. 4A, a doped Si layer is used as a substrate, with a ~ 300 nm layer of Si0 2 as an 

insulator 42. Source 44a and drain 44b electrodes fabricated with gold are formed on the 
insulating layer 42, separated by a distance "d" of about >1 um, each having a height hi of about 
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20 nm. A semiconductor layer 46 is deposited over the source and drain electrodes, with the 
total height h 2 of the semiconductor layer being about 200 nm. In FIG, 4B, the substrate 40' is 
formed with glass, polyimide (PI) or polyethylene (PET). Source 44a and drain 44b electrodes 
are disposed on the substrate, again separated by a distance "d" of about >1 |im and each having 
a height hi of about 20 nm, A semiconductor layer 46, e.g., of regioregular poly(3- 
hexylthiophene) (PHT), is formed over the electrodes having a total height h 2 of about 200 nm. 
An insulating layer 42', e.g., of PI, poly(4-vinylphenyl), or polymethylmethacrylate (PMMA), is 
disposed over the semiconductor layer having a height h 3 of ~ 0.5 to 1 |im, with a gate 48 
disposed thereon having a height l^of ~ 1.0 to 50.0 (im. 

Comparing the characteristics of such devices to measurements on transistors with 
photolithographically-defined electrodes verify that these printed electrodes are suitable for 
organic transistors. FIGS. 5 A and 5B are optical micrographs of source and drain electrodes, 
wherein the device of FIG. 5A was fabricated with microprinting applying the inventive method 
and the device of FIG. 5B was made with photolithography. In both cases, the slightly rounded 
1 edges are caused by the use of thick (~ 5|im) photoresist. FIGS. 6A and 6B show current- 
voltage characteristics of printed transistors having two channel length-to-width ratios that differ 
by a factor of two. 

FIG. 7 shows an exemplary assembly for operation of the inventive patterning method 
with a reel-to-reel fabrication sequence. In this assembly, a coated substrate 14, e.g., a gold- 
coated plastic sheet, is transported through various processing steps. Advantageously rollers are 
used to move the sheet, although other devices are contemplated as well. The substrate is 
provided in the form of a sheet so that it may be wound one or more reels 70 and fed with 
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movement of the reels through the processing. As the sheet is unwound from the reel and fed 
through the assembly (e.g., following arrows "f), it is pressed against a cylindrical stamp 30 
mounted on a fixed and rotating axle 38. The stamp 30 is continuously inked through contact 
with a cylindrical inking pad 72 (e.g., by continuous it is meant that the pad may be inked and 
5 the process performed over a period of time without interruption.) Patterned SAM resists are 
thereby defined on the sheet 14 with features as small as ~1 micron. The inking pad 72 is held in 
an ink reservoir 74, e.g., containing ~1 nM HDT/EtOH. A biasing cylinder 73 optionally may be 
oppositely disposed to the cylindrical stamp to help in pressing the sheet against the stamp and 
feeding the sheet through the assembly. The sheet is then continued to be fed through the 
assembly (e.g., with a plurality of rollers 73a, 73b), to an etching bath 76 to remove the exposed 
gold (e.g., the gold not covered by the SAM). The bath 76 may comprise 1 mM K4Fe(CN) 6 , 10 
mM K3Fe(CN) 6 , 0. 1 M Na 2 S 2 0 3 , or 1 .0 M KOH in H 2 0. The etchant upon removing the 
exposed gold will leave a layer of conductive material on the sheet in a pattern corresponding to 
the geometry of the stamp. The sheet 14 is then fed to a chamber 78 for removal of the SAM, 
e.g., through exposure to UV light, heat, or wet chemical means, to complete the fabrication of 
the first conducting layer. Other components, such as semiconducting and dielectric layers and 
gate electrodes, can be defined on top of the gold circuitry using low resolution (35 -100 fim) 
techniques (not shown) as are well-known in the field. 

It is understood that the embodiments described herein are merely exemplary and that a 
person skilled in the art may make variations and modifications without departing from the spirit 
and scope of the invention. All such variations and modifications are intended to be included 
within the scope of the appended claims. 
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CLAIMS; 

We claim: 

1 . A method for forming at least one patterned layer on a substrate comprising the 
steps of: 

providing a rotatable stamp having relief geometries on its surface to define a stamping 
surface; 

applying ink to the surface of the rotatable stamp to define an inked stamping surface; 

rotating the rotatable stamp as the substrate is placed in contact with the stamp to 
impress an inked pattern on the substrate as defined by the inked stamping surface; and 

patterning the substrate by etching material from or depositing material on the substrate, 
wherein the inked stamping surface guides the etching or depositing of material in a geometry to 
define the patterned layer useful in fabricating an electronic device. 

2. The method of claim 1 further comprising the step of passing the substrate to a 
mechanism for removing the inked pattern from the substrate. 

3. The method of claim 1, in which the step of providing the rotatable stamp 
comprises: 

(a) casting a liquid onto a surface having relief geometries thereon; 

(b) solidifying the liquid to define a solid film; and 
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(c) rolling a member over the solid film so that the solid film is lifted from the surface 
and bonds to the member. 

4. The method of claim 3, in which the liquid comprises an elastomeric material, the 
5 step of solidifying the liquid comprises curing the elastomeric material to form an elastomeric 

film. 

5. The method of claim 4, further comprising a step of exposing the cured 
elastomeric film to oxygen plasma before the member is rolled over the film. 

ij | 6. The method of claim 1 in which the substrate is a multi-layered film including at 

|1 1 least one coating layer. 

'% I 7. The method of claim 6 in which the at least one coating layer includes a thin layer 

lS% of gold or silver. 

8. The method of claim 1 in which the step of patterning the substrate comprises 
etching material from the substrate applying an etchant selected from aqueous ferri/feirocyanide, 
K4Fe(CN) 6 , K 3 Fe(CN) 6 , Na 2 S 2 0 3 > and KOH in H 2 0. 

20 

9. The method of claim 1, in which the step of rotating the stamp provides an 
exposed region on the substrate where substantially no ink is present and a protected region on 
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the substrate where ink substantially covers the substrate, and the step of patterning the 
substrate comprises etching material from the substrate at the exposed region or depositing of 
material on the substrate at the exposed region. 

10. The method of claim 9 in which the substrate is a multi-layered film including a 
metallic layer and the step of patterning the substrate comprises etching the metallic layer from 
the substrate at the exposed region. 

1 1 . The method of claim 1 0, in which the substrate further has an adhesive layer 
applied to the metallic layer selected from Ti and Cr. 

12. The method of claim 2 in which the mechanism applies ultraviolet light, heat, or 
wet chemical means to the substrate to remove the inked pattern. 

13 A method for forming at least one layer on a substrate for use in fabricating an 
electronic device, the method comprising the steps of: 

providing the substrate in the form of a flexible sheet; 

providing a rotatable stamp mounted on an axle, the stamp having an outer surface with 
relief geometries to define a stamping surface; 

rotating the rotatable stamp on an inking pad to apply ink to the stamp and define an 
inked stamping surface; 
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rotating the rotatable stamp as the substrate is placed in contact with the stamp so that 
an inked pattern corresponding to the inked stamping surface is formed on the substrate, and 

passing the substrate to an apparatus for etching material from or depositing material on 
the substrate, wherein the inked stamping surface guides the etching of the material or 
depositing of the material in a geometry that defines a pattern on the substrate. 

14. The method of claim 13, further comprising the steps of attaching the sheet at 
one end to a first reel and at the other end to a second reel so that the sheet may be passed from 
the first reel, to the rotatable stamp, and to the apparatus by unwinding the sheet from the first 
reel and winding the sheet onto the second reel. 

15. The method of claim 13, in which the inking pad is cylindrical, and the steps of 
rotating the cylindrical stamp on the inking pad and rotating the cylindrical stamp as the 
substrate is placed in contact with the stamp are performed substantially simultaneously to 
provide for substantially continuous rotary printing. 

16. A transistor fabricated with the method of claim 1 wherein the patterned layer has 
a resolution of about 30 urn or smaller. 

17. A transistor fabricated with the method of claim 13 wherein the patterned layer 
has a resolution of about 10 jam or smaller. 

18 



18. 



An integrated circuit comprising one or more transistors according to claim 1. 
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ABSTRACT 

A method is disclosed for producing a high-resolution patterned layer on a substrate for 
use in making electronic devices. The method comprises micro-printing an inked pattern on a 
5 substrate with use of a rotatable stamp; passing the substrate to an apparatus for etching or 

depositing materials on the substrate, where the inked pattern guides the etching or deposition of 
material; and then optionally removing the inked pattern from the substrate with the application 
of heat, ultraviolet light, or wet chemical means. A high-quality transistor with a 2-micron 
channel length may be fabricated using the inventive method. The method is compatible with 
1M rapid, reel-to-reel patterning and useful for a range of applications. 



20 



f 



4- 



fun S^e&t ^ 
5ulosVA-c 



n 



i 



0 



fid- 3- 





in* ■ </? 


"Poll 

















T 



Ox fl 



^ fV\ £ ' 



L 



fVf. *A 



n 
41 
hi 
u 
m 
\i 

III 



u 
iil 
o 
m 



0<r* Ac 




Drain-source Current (^iA) 





i 




Bao 9-1-13 



IN THE UNITED STATES 
PATENT AND TRADEMARK OFFICE 

Declaration and Power of Attorney 
As the below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to 
my name. 

I believe I am the original, first and sole inventor of the subject matter which 
is claimed and for which a patent is sought on the invention entitled HIGH- 
RESOLUTION METHOD FOR PATTERNING A SUBSTRATE WITH MICRO- 
PRINTING the specification which is filed herewith. 

I hereby state that I have reviewed and understand the contents of the above 
identified specification, including the claims, as amended by an amendment, if any, 
specifically referred to in this oath or declaration. 

I acknowledge the duty to disclose all information known to me which is 
material to patentability as defined in Title 37, Code of Federal Regulations, 1.56. 

I hereby claim foreign priority benefits under Title 35, United States Code, 
1 19 of any foreign application(s) for patent or inventor's certificate listed below and 
have also identified below any foreign application for patent or inventor's certificate 
having a filing date before that of the application on which priority is claimed: 

None 

I hereby claim the benefit under Title 35, United States Code, 120 of any 
United States application(s) listed below and, insofar as the subject matter of each 
of the claims of this application is not disclosed in the prior United States application 
in the manner provided by the first paragraph of Title 35, United States Code, 1 12, 1 
acknowledge the duty to disclose all information known to me to be material to 
patentability as defined in Title 37, Code of Federal Regulations, 1.56 which 
became available between the filing date of the prior application and the national or 
PCT international filing date of this application: 

None 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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I hereby appoint the following attomey(s) with full power of substitution and 
revocation, to prosecute said application, to make alterations and amendments 
therein, to receive the patent, and to transact all business in the Patent and 
Trademark Office connected therewith: 



Lester H. Birnbaum (Reg. No. 25830) 

Richard J. Botos (Reg. No. 32016) 

Jeffery J. Brosemer (Reg. No. 36096) 

Kenneth M. Brown (Reg. No. 37590) 

Donald P. Dinella (Reg. No. 39961) 

Guy Eriksen (Reg. No. 41736) 

Martin I. Finston (Reg. No. 31613) 

James H. Fox (Reg. No. 29379) 

Barry H. Freedman (Reg. No. 26166) 

Julio A. Garceran (Reg. No. 37138) 

Mony R. Ghose (Reg. No. 38159) 

Jimmy Goo (Reg. No. 36528) 

Anthony Grillo (Reg. No. 36535) 

Stephen M. Gurey (Reg. No. 27336) 

John M. Harman (Reg. No. 38173) 

John W. Hayes (Reg. No. 33900) 

Mark A. Kurisko (Reg. No. 38944) 

Irena Lager (Reg. No. 39260) 
Christopher N. Malvone (Reg. No. 34866) 

Scott W. McLellan (Reg. No. 30776) 

Martin G. Meder (Reg. No. 34674) 

Geraldine Monteleone (Reg. No. 40097) 

John C. Moran (Reg. No. 30782) 

Michael A. Morra (Reg. No. 28975) 

Gregory J. Murgia (Reg. No. 41209) 

Claude R. Narcisse (Reg. No. 38979) 

Joseph J. Opalach (Reg. No. 36229) 

Neil R. Ormos (Reg. No. 35309) 

Eugen E. Pacher (Reg. No. 29964) 

Jack R. Penrod (Reg. No. 31864) 

Daniel J. Piotrowski (Reg. No. 42079) 

Gregory C. Ranieri (Reg. No. 29695) 

Scott J. Rittman (Reg. No. 39010) 

Eugene J. Rosenthal (Reg. No. 36658) 

Bruce S. Schneider (Reg. No. 27949) 

Ronald D. Slusky (Reg. No. 26585) 

David L. Smith (Reg. No. 30592) 

Patricia A. Verlangieri (Reg. No. 42201) 

John P. Veschi (Reg. No. 39058) 

David Volejnicek (Reg. No. 29355) 

Charles L. Warren (Reg. No. 27407) 

Eli Weiss (Reg. No. 17765) 
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I hereby appoint the attorney(s) on ATTACHMENT A as associate attorney(s) 
in the aforementioned application, with full power solely to prosecute said 
application, to make alterations and amendments therein, to receive the patent, and 
to transact all business in the Patent and Trademark Office connected with the 
prosecution of said application. No other powers are granted to such associate 
attorney(s) and such associate attorney(s) are specifically denied any power of 
substitution or revocation. 



Full name of first inventor: Zhenan Bao 
Inventor's 

signature Date 

Residence: State of New Jersey 
Citizenship: USA 
Post Office Address: 
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Full name of second inventor: Anita Makhjita 
Inventor's 

signature Date 

Residence: State of New Jersey 
Citizenship: USA 
Post Office Address: 
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Full name of third inventor: John A. Rogers 
Inventor's 

signature Date 

Residence: New Providence, County of Union and State of New Jersey 
Citizenship: USA 

Post Office Address: 1 200 Springfield Avenue, Apt. 1 C 

New Providence, New Jersey 07974 
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ATTACHMENT A 



Attorney Names: Bruce Collins Reg. Nos.: 20,066 



Ronald Gould 28,299 

Diane Dunn McKay 34,586 

Scott N. Bernstein 38,827 

Glen E. Books 24,950 

Anastasia P. Winslow 40,875 

Charles J. Brumlik 42,367 



Telephone calls should be made to Glen E. Books at: 
Phone No.: (609) 924-8555 
Fax No.: (609)924-3036 

All written communications are to be addressed to: 

Glen E. Books, Esq. 
Mathews, Collins, Shepherd & Gould, P.A. 
100 Thanet Circle, Suite 306 
Princeton, New Jersey 08540-3674 



